Variation in the chioroplast genome of Eucalyptus nitens was assessed for ten individuals from each of eight populations covering the natural range of the species, Twenty-five mutations were detected which were distributed over 13 haplotypes. The mutations were present both within and between populations. The level of nucleotide diversity within the species was high and the majority of the variation was distributed between populations and regions. The level and distribution of haplotype diversity were similar to those of the nucleotide diversity. The interpopulational variation may be related to the large range and disjunct populations that characterize the species, due to the effects of isolation and genetic drift. There were three mutations which were unique and fixed in one small population. Individuals in the species could be distinguished into two cpDNA groups. The distribution of these groups was not consistent with any geographical pattern. The distribution of the cpDNA groups suggests that they are of ancient origin and predate the isolation of the regions. The pattern of cpDNA variation is not consistent with patterns of variation in morphological traits.
Introduction
The chloroplast (cp) genome is highly conserved and has a lower mutation rate than plant nuclear genomes (Wolfe et al., 1987) . Certain characteristics of the cp genome, such as uniparental inheritance, the lack of recombination and repeated sequences, reduce the level of variation compared with the nuclear genome which does not have these characteristics (Birky, 1988) . These characteristics of the cp genome also led to the expectation that the level of diversity within species would be very low. This view was supported by the first large-scale intraspecific survey of cpDNA diversity -a study of 100 individuals of Lupinus texensis which reported low levels of diversity with only three polymorphisms being detected (Banks & Birky, 1985) . Since then several reports of intraspecific variation in the cp genome have appeared even though the detection of such variation was not the aim of these investigations and the methods used were not optimal for detecting such variation. Soltis et a!. (1992b) have reviewed the reports and found examples of intraspecific cpDNA variation in 60 species.
Studies of variation in the cp genome within and between populations have been carried out in a number of species (reviewed in Soltis et a!., 1992b ).
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These studies have revealed a range of level of variation from no variation in Penniseturn glaucum (Clegg et al., 1984; Gepts & Clegg, 1989) to extensive variation both within and between populations in Trifolium pratense (Milligan, 1991) . For a number of species there has been sufficient variation within the species to undertake some intraspecific phylogeography (Soltis et a!., 1989b (Soltis et a!., , 1991 (Soltis et a!., , 1992a in a similar way to that in which variation in the mitochondrial genome in some animal species has been used to investigate the evolutionary forces at the population level (Avise et a!., 1987) .
Analysis of the distribution of cpDNA variation in species has shown that in general the majority of the variation appears between populations with low levels of intrapopulational variation (Soltis et al., 1989b (Soltis et al., , 1991 Kim et a!., 1992) . The characteristics of the cp genome that reduce variation compared with the nuclear genome would also tend to increase the level of differentiation between populations. This would have a greater effect in species with geographically isolated populations and populations of small size.
The genus Eucalyptus is a large and important one within the family Myrtaceae, comprised primarily of species native to Australia. The cp genome in eucalypts is maternally inherited and has the typical structure of angiosperm cpDNA with a large inverted repeat separating a small single copy and a large single copy region (Byrne et a!., 1993) . Heterologous cpDNA
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clones from petunia (Sytsma & Gottlieb, 1986) and tobacco (Suguira et at., 1986; Shinozaki Ct al., 1986) cover the entire cp genome in a known order and therefore can be used as heterologous probes to survey cpDNA in eucalypts.
The species Eucalyptus nitens (Deane & Maiden) Maiden has a wide natural distribution in eastern Australia ranging from northern New South Wales to central Victoria (Pederick, 1979) but has highly disjunct populations. There are four recognized regions in the species distribution: northern New South Wales, southern New South Wales, Errinundra and central Victoria. The morphology of the species has been studied extensively (Pederick, 1979; Cook & Ladiges, 1991) and there is considerable variation for a range of characters. The species also shows considerable genetic diversity at the population level for isozymes (G. F. Moran, unpublished data) and some variation in polyphenolic constituents (Pederick & Lennox, 1979) .
This study investigates the diversity of cpDNA within the species E. nitens. Restriction fragment length polymorphism across the cp genome was determined for ten individuals from each of eight populations covering the natural range of the species in south-eastern Australia.
Materials and methods P/ant collections
Mature leaves were collected from ten individuals from each of eight populations (Fig. 1) . Two populations were collected from each of the four recognized regions within the species distribution, Ebor and Barrington from northern New South Wales (NN), Tallaganda and Glen Bog from southern New South Wales (SN), Errinundra and Cottonwood from the Errinundra Plateau (ER) and Macalister and Rubicon from central Victoria (CV). Samples from the Ebor, Barrington, Tallaganda, Errinundra and Cottonwood populations were collected from natural stands.
Samples from the Glen Bog, Macalister and Rubicon populations were collected from a field trial near Burnie (North Forest Products, Tasmania).
DNA procedures
Total genomic DNA was extracted from 10 g of leaves as described in Byrne et at. (1993) . Restriction digestion and hybridization were as previously described (Byrne et at., 1993) . For each individual sample 5ig DNA was digested with various enzymes and hybridized with heterologous probes covering the entire ep genome. Nine petunia cpDNA probes were used (P1, P3, P4, P6, P8, P12, P14, P19, P20) (details given in Sytsma & Gottlieb, 1986 ) plus four tobacco cpDNA probes (pTBal, pTB13, pTB25, pTB28) (Suguira et al., 1986; Shinozaki et at., 1986) to span the regions not covered by the available petunia probes. Probes were prepared for use in hybridizations by excision of DNA inserts with an appropriate restriction enzyme, then, following gel electrophoresis in low melting point agarose, the insert DNA was cut out, the agarose melted in the presence of 20 m'vi Tris, 1 mrvi EDTA, organically extracted with phenol then phenol/chloroform and the DNA precipitated with ethanol. Probes were labelled with 32P to high specific activity using the random priming method.
Population survey In an initial survey, one individual from each population was screened with 20 restriction enzymes (ApaI, BamHI, BciI, BgiII, Bsml, DraI, EcoRI, EcoRV, EcoT22l, HaelII, HIial, HindIIl, Mspl, PstI, Sad, Sail, ScaI, TaqI, XbaI, XhoI) for each cpDNA probe. Those enzymes that revealed polymorphism between the populations were then used in a full survey to screen all ten individuals from each population for each cpDNA probe.
Data analysis
Since the whole of the genome was screened, all fragments and restriction sites were analysed for each enzyme. Fragment patterns for consecutive probes were compared to ensure that each polymorphism was correctly interpreted and only counted once. On several occasions a restriction site mutation initially appeared to be a length mutation until analysis of the fragment pattern of the next consecutive probe around the genome.
Nucleotide diversity was calculated for restriction site mutations using HAPLO (Lynch & Crease, 1990) . Nucleotide diversity was calculated at the species level and between and within populations. Haplotype diversity was calculated considering haplotypes as alleles at one locus using Nei's gene diversity measures (Nei, 1 977). Nei's unbiased genetic distance (Nei, 1978) was calculated using BIOSY5 (Swofford & Selander, 1981) . BIOSYS was run using each restriction site or length mutation as a locus with two alleles (two fragment lengths or presence/absence of a restriction site). An UPGMA analysis was carried out using genetic distance estimates. A phylogenetic analysis of haplotypes characterized by presence or absence of each mutation was carried out using PAUP (Swofford, 1984) , and using all mutations.
Results
Polymorphism
The initial survey with 20 restriction enzymes analysed 456 restriction sites which represent 1.8 per cent of the chioroplast genonle. This survey revealed polymorphism between populations with eleven restriction enzymes (BamHI, BciI, BgiII, DraI, EcoPJ, EcoRV, EcoT22l, HhaI, Hin dill, Sad, XbaI).
The survey of all individuals with the 11 polymorphic restriction enzymes detected 321 fragments which represents 1.23 per cent of the chioroplast genome. Twenty-five polymorphisms were detected in this survey (Table 1) . Fifteen polymorphisms were restriction site mutations and 10 polymorphisms were length mutations. All of the restriction site mutations occurred within the large single copy region. Four length mutations also occurred in the large single copy region, four occurred at the junction of the large single copy region and the inverted repeat and two were observed in the inverted repeat. Thus the polymorphisms were not distributed uniformly throughout the cp genome.
The numbers of restriction site mutations revealed by each enzyme were not the same. Of the eight enzymes that revealed site mutations DraI revealed four mutations, Hhal revealed three mutations, BgiIJ and BciI revealed two mutations whilst the others (EcoRV, HindIII, Sad and XbaI) revealed one each. The length mutations, by their nature, were often detected with several restriction enzymes, therefore similar information for length mutations cannot be described.
The 15 restriction site mutations were distributed over 10 haplotypes. The most common haplotype was present in 20 of the 80 individuals and occurred in the central Victorian region. When both restriction site and length mutations were considered there were 13 haplotypes represented with the most common haplotype present in 15 individuals from the central Victorian region. The frequencies of haplotypes and their distributions among populations are presented in Table   2 . Polymorphism was observed both within and between populations. Polymorphism was observed between all populations and was observed within all populations except Ebor and Cottonwood. Table 3 shows the frequency of each haplotype in each population. No more than three haplotypes were present in any one population. 
Nucleotide diversity
Nucleotide diversity is the average number of nucleotide differences per site between two sequences (Nei, 1978) , hence this parameter can be determined for restriction site mutations but not length mutations. Calculations based on the 20 enzymes used in the initial survey of one individual from each population, gave a nucleotide diversity between all pairs of individuals ranging from 0.000 to 0.119 per cent with a mean of 0.064 per cent. However, this is likely to be an underestimate as it is assumed that the nine enzymes that detected no interpopulational variation would not detect any variation within populations. This assumption is probably not valid because a substantial amount of intrapopulational variation was detected in this species. For the 11 enzymes used in the full survey 15 polymorphisms were detected in the initial survey but a further 10 polymorphisms were detected in the full survey. If just the 11 enzymes used to survey all individuals are used, the nucleotide diversity ranged from 0.000 to 0. (Wolf et a!., 1990) and To/mica menziesii: 0.076 per cent (Soltis et al., 1989b) . All of these species have diploid and tetraploid races which may raise the level of diversity com- Mutation numbers are as in Table 1. pared with species with no polyploidy. An estimate of nucleotide diversity in only the diploid members of Tolmiea menziesii was a little lower than for the species as a whole at 0.064 per cent. However, these values are the highest reported to date and are high in comparison with those of some other species: e.g. Lupinus texensis: 0.026 per cent (Banks & Birky, 1985) and Pennisetum glaucum: 0 per cent (Gepts & Clegg, 1989) . Analysis of the distribution of diversity was carried out for both the initial 20 enzymes and the 11 enzymes used in the full survey. The pattern of distribution of diversity was very similar for both data sets and only values for one will be given, using all 20 enzymes. The use of all 20 enzymes may slightly underestimate the variation within populations as it assumes that the nine enzymes not used in the full survey were invariant within populations as well as between populations. The mean nucleotide diversity within populations was 0.0 16 per cent and between populations was 0.056 per cent. The proportion of diversity maintained between populations, NST, was 78.2 per cent for the species as a whole. This value is extremely high and means that most of the diversity in the species is maintained between rather than within populations. NST has not been calculated for cp genomes of other plant species and therefore no comparison can be made. Between regions the NST value was 55.5 per cent which is more than twothirds of the proportion of diversity between populations of the whole species. Within regions NST was generally low (0-20 per cent) except for northern New South Wales which showed little variation within populations but distinct variation between populations (Table 4) .
Haplotype diversity
The distribution of haplotype diversity within and between populations can be determined by treating the whole cp genome as a single locus with each haplotype as an allele. In this way the haplotype diversity within and between populations for the species as a whole was calculated for restriction site mutations and length mutations separately and for all mutations combined (Table 5 ). The proportion of diversity maintained between populations, GT, within the species for restriction site mutations was 78.4 per cent, which is very similar to the proportion of nucleotide diversity maintained between populations (NST= 78.2 per cent).
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This also indicates very high population differentiation for haplotype diversity. For the length mutations alone and all mutations combined the GT value was a little lower (66.1 per cent and 62.1 per cent, respectively). Population relationships
An UPGMA analysis of all mutations showed two major clusters, namely, one comprising the central Victorian and southern New South Wales regions and a second comprising the Errinundra and northern New South Wales regions (Fig. 2) . The four populations from the central Victoria and southern New South Wales regions were very similar to each other and form a closely related group. The two populations from the Errinundra region were most similar to the Ebor population from northern New South Wales. The Barrington population from northern New South Wales was grouped in the cluster with the Errinundra region and the Ebor population but was the most distinct of all the populations. Analysis using only restriction site mutations gave the same pattern, except for the Barrington population which was placed outside the two clusters and clearly separated from these populations.
Some of the cpDNA mutations were specific to populations, i.e. they were present in all individuals sampled from the population and were not present in any individuals from any other population. Three mutations were specific to the Barrington population and one mutation was specific to the Ebor population. Thus two of these polymorphisms can be used to discriminate the Ebor and Barrington populations from each other and from all other populations, and can be used to identify individuals from the northern New South Wales region from those of all other regions. All of these population-specific polymorphisms were restriction site mutations.
Evolutionary relationships of haplotypes A phylogenetic analysis of haplotypes based on all mutations gave 615 trees all of length 25.0 with a consistency index of 1.000. These trees are all essentially the same except for a trifurcation and the rearrangement of five haplotypes that differ from each other by oniy one mutation each. Since there were no data for an outgroup the analysis was rooted at the midpoint of the longest branch. Figure 3 shows the tree with the tnfurcation and one of the arrangements of the five similar haplotypes. The phylogenetic tree shows a network of closely related haplotypes present in two main groups. One of these groups involved Ebor, Barrington, Cottonwood, most of the individuals from Errinundra and two individuals from Tallaganda while the other involved Macalister, Rubicon, Glen Bog, most of the individuals from Tallaganda and three individuals from Errinundra. These groups were separated by four mutations.
The two groups do not represent a simple geographical pattern. Each group is largely comprised of individuals from two regions but in each case these regions are not geographical nearest neighbours. For example, the Errinundra and northern New South Wales regions although grouped into one group are geographically further apart than Errinundra and southern New South Wales. The two groups can also be seen in the UPGMA analysis (Fig. 2) . The haplotypes characterizing the Errinundra and Cottonwood populations are most closely related to the haplotype characterizing the Ebor population in the phylogenetic analysis (Fig. 3) . These haplotypes are separated by three mutations whilst the haplotypes characterizing the southern New South Wales region and the Erri- 
Discussion
Although the level of diversity in the cp genome is generally lower than that of the nuclear genome, the differences between species in total intraspecific diversity in cpDNA are marked. The level of cpDNA diversity ranges from no variation detected (Gepts & Clegg, 1989) to relatively high levels of variation detected in some species (Soltis et at., 1989a,b;  Wolf et at., 1990). The variation detected in E. nitens is at the high end of this range and is similar to that detected in a number of other species. This species has a large geographical range with disjunct populations which may be factors affecting the level Table 1 ). Population abbreviations as in Fig. 1 , region abbreviations as in Fig. 2 . Two other species with high levels of total cpDNA diversity also have large ranges and disjunct isolated populations, Heuchera micrantha (Soltis et al., 198 9a) and Tolmiea menziesii (Soltis et at., 1989b) . As more information on intraspecific cpDNA diversity is accumulated the effects of certain characteristics and lifehistory traits on the maintenance of diversity within the cp genome may be elucidated in a similar way to the patterns that have emerged for isozyme markers (Hamrick & Godt, 1990) . Intrapopulational variation was detected in six of the eight populations analysed. This is in contrast to the generally low levels of intrapopulational variation maintained even within species with high levels of total cpDNA diversity. However, despite the cases of intrapopulational variation, the majority of the diversity in the species is found between populations (NST and GT both 78 per cent). More than half of the variation is also distributed between regions (56 per cent). This strong regional distribution of the variation is probably related to the large geographical distances that separate Within most of the regions the populations are reasonably close together except for the northern New South Wales region. The two populations in the NN region are 180 km apart and perhaps should be considered as two separate regions. The high diversity in this region is shown in the population specific mutations which can be used to distinguish the two populations from each other and from every other population in the species. The Barrington population is very small and an estimate of current reproductive individuals lies between 100 and 500. Due to uniparental inheritance the effective population size for the ep genome is half that of the nuclear genome (Birky, 1988) . Long-term isolation and small size of the Barrington population means that genetic drift could have had a larger role in determining the fixation of haplotypes in this population. The mutations that uniquely characterize the cp genome in the Barrington population all occur in one area of the large single copy region and are all restriction site mutations. This suggests that this area may be a hotspot for mutational activity in the cp genome or that these mutations confer a selective advantage. The presence of three fixed mutations and the low level of intrapopulational diversity suggests that the Barrington population may well have been through a recent bottleneck. The level of isozyme variation in this population is also consistent with the suggestion of a bottleneck effect (G. F. Moran, unpublished data). The possibility that the differences characterizing the Barrington population may be due to introgression of the cp genome from some other species should also be considered. The most likely species to have contributed a cp genome are E. dairympleana and E. cypellocarpa, as these species occur in the same area as the Barrington population but at lower altitude. Neither of these two species have been investigated for cpDNA, hence this theory cannot be tested. Although plausible, introgression seems unlikely because the Barrington population possesses the four mutations that characterize the northern New South Wales/Errinundra group. If introgression has occurred then the species donating the cp genome must also have these mutations suggesting that these two groups are not restricted to E. nitens but pre-date the speciation of this species and several other species from E. datrympleana and E.
cypellocarpa.
The cpDNA relationships between populations within regions are consistent with their geographical position. In our data, populations within regions were more closely related to each other than to any population from another region. However, the cpDNA relationships between regions are more complex and are not correlated with their geographical positions. Both the UPOMA and cladistic analysis put the central lack of complete congruence between groups and regions suggests that the two groups were common throughout the whole area before the regions became isolated due to climatic and geological changes. Since the isolation of the regions the frequency of the two groups within regions has changed, with one group becoming predominant in two regions and the other predominant in the remaining regions. This suggests that the mutations characterizing the two groups are of ancient origin. The mutations that result in branching of haplotypes within the two groups are more local in their distribution and may be of more recent origin. Geographical structuring into regional lineages has been observed in a number of other species for which population surveys have been carried out, Tolrniea menziesii (Soltis et at., 1989b) , Tellirna grandijiora (Soltis et at., 1991) , Tiarella trifoliata (Soltis et al., 1992a) and Gliricidia sepium (Lavin et at., 1991) .
Three of these species are members of the Saxifragaceae and have similar geographical distributions and life-histories. The geographical structuring of the cp genome of these species has been related to glaciation events. The other species, Gliricidia sepium, is a tropical tree and the two lineages also show morphological and isozyme differences as well as cpDNA variation. However, in all of these cases and in contrast to the situation in E. nitens, the structuring of the cp genome has not been inconsistent with their geographical positions or geographical history.
Isozyme (G. F. Moran, unpublished data) and morphological (Cook & Ladiges, 1991) surveys of E. nitens have shown a high level of diversity with high population differentiation and are consistent with the cpDNA data presented here. The relationships between populations for isozymes, although not entirely the same, are consistent with those of the cpDNA. The central Victoria and southern New South Wales populations cluster together, the northern New South Wales populations are the next most similar group and then the populations from the Errinundra region. However, data on morphological traits are not concordant with the cpDNA data. Some individuals, mainly from the Errinundra region but also some from central Victoria, show some morphological differences from the rest of cpDNA VARIATION IN EUCAL YPTUS N/TENS 27 the species. The main character that distinguishes these individuals is the presence of denticulate margins on the leaves (Cook & Ladiges, 1991) . Pederick (1979a) recognized these individuals as a variety of the species, E. nitens var. errinundra, with the rest of the species named E. nitens var. nitens. Recently the Errinundra variety was described as a new species, E. denticulata (Cook & Ladiges, 1991) based on a survey of morphological variation.
In describing the new species Cook & Ladiges (1991) proposed that E. denticulata and E. quadrangulata were split off from E. nitens and that subsequent changes caused a split between E. denticulata and E. quadrangulata. E. quadranguiata also has denticulate leaf margins; however, it is clearly distinct from the main E. nitens and the Errinundra region for isozymes (G. F. Moran, unpublished data). There are no available data from the cp genome for E. quadrangulata to enable a full comparison with the morphological data. The cpDNA data presented here indicate that the variation in the populations in the Errinundra region is not distinct from the variation in the species as a whole. This is not consistent with the origins proposed for E. denticulata. The close similarity of the cp genome in Ebor and Errinundra suggests that the evolution of the two groups occurred before the geographical isolation of the regions and therefore they may represent ancient lineages. As the cp genome is more highly conserved than the nuclear genome and evolves more slowly, analysis of cpDNA may give a view of the evolutionary relationships of populations at an earlier point in time than do nuclear markers. It may be that the original evolution of the two lineages of cpDNA occurred without a corresponding split in the nuclear genome. Subsequently more rapid evolution of the nuclear genome in the Errinundra region may have occurred giving rise to the morphological differences that characterize this region.
The high level of intraspecific polymorphism found in some species has led to a note of caution in the use of cpDNA in phylogenetic studies (Soltis et at., 1992b) .
The relatively high level of polymorphism in the cp genome of E. nitens dictates that such caution be applied in the use of cpDNA in phylogenetic studies in this species and maybe in eucalypts in general. The distribution of variation, particularly the high level of interpopulation variation suggests that the species should be sampled for several individuals and populations across the range when using cpDNA for phylogenetic studies. Further investigation of cpDNA diversity in other eucalypt species is needed to determine whether the polymorphism in E. nitens is typical of eucalypts in general or particular to this species perhaps due to its large range and disjunct distribution.
